Exposure to a high-fat (HF) diet in utero is associated with increased incidence of cardiovascular disease, diabetes, and metabolic syndrome later in life. However, the molecular basis of this enhanced susceptibility for metabolic disease is poorly understood. Gene expression microarray and genome-wide DNA methylation analyses of mouse liver revealed that exposure to a maternal HF milieu activated genes of immune response, inflammation, and hepatic dysfunction. DNA methylation analysis revealed 3360 differentially methylated loci, most of which (76%) were hypermethylated and distributed preferentially to hotspots on chromosomes 4 [atherosclerosis susceptibility quantitative trait loci (QTLs) 1] and 18 (insulin-dependent susceptibility QTLs 21). Interestingly, we found six differentially methylated genes within these hotspot QTLs associated with metabolic disease that maintain altered gene expression into adulthood (Arhgef19, Epha2, Zbtb17/Miz-1, Camta1 downregulated; and Ccdc11 and Txnl4a upregulated). Most of the hypermethylated genes in these hotspots are associated with cardiovascular system development and function. There were 140 differentially methylated genes that showed a 1.5-fold increase or decrease in messenger RNA levels. Many of these genes play a role in cell signaling pathways associated with metabolic disease. Of these, metalloproteinase 9, whose dysregulation plays a key role in diabetes, obesity, and cardiovascular disease, was upregulated 1.75-fold and hypermethylated in the gene body. In summary, exposure to a maternal HF diet causes DNA hypermethylation, which is associated with longterm gene expression changes in the liver of exposed offspring, potentially contributing to programmed development of metabolic disease later in life. (Endocrinology 158: 2860(Endocrinology 158: -2872(Endocrinology 158: , 2017 M aternal nutrition is important in determining susceptibility to metabolic diseases (1). Maternal obesity and/or consumption of a high-fat (HF) diet during pregnancy and lactation increase the risk for development of metabolic diseases in offspring (2). We have reported that differences in maternal substrate utilization can also program development of metabolic syndrome in offspring (3-5). Specifically, male offspring exposed to a maternal HF diet precociously developed metabolic syndrome.
Epigenetic mechanisms may be responsible for the programming effects of maternal nutrition (2) . DNA methylation is an epigenetic mark that can potentially mediate the memory of temporally remote events to confer susceptibility to metabolic disease. Although models of fetal programming of metabolic disease have described changes in DNA methylation (6) , evidence supporting this hypothesis remains limited. Thus, using our established model of in utero programmed metabolic syndrome (3), we sought to determine whether genome-wide changes in DNA methylation occur in liver of offspring exposed to a maternal HF diet. Liver was chosen because it is essential in maintaining metabolic homeostasis (7) . This study shows exposure to a maternal HF diet results in genome-wide changes in hepatic DNA methylation with corresponding alterations in gene expression that persist throughout life. Hepatic hypermethylation of HF offspring is most evident on chromosomes (Chrs) 4 and 18 in quantitative trait loci (QTLs) for atherosclerosis and diabetes, respectively. These results highlight the contribution of altered hepatic DNA methylation and gene expression to development of metabolic syndrome in offspring exposed to a maternal HF diet.
Materials and Methods

Animals and experimental design
All the experiment methods involving mice were approved by the Albert Einstein College of Medicine animal use committee and conducted in accordance with the approved guidelines. Animals were housed in a barrier facility and maintained on a 14-hour to 10-hour light-dark cycle with ad libitum access to chow and water. As previously described, wildtype CD1 female mice were maintained on control (PicoLab #5058; LabDiet, St. Louis, MO) or HF (Bio-Serv #F3282; BioServ, Flemington, NJ) diet 2 weeks before mating, throughout pregnancy, and throughout lactation (3) . Fourteen dams per group were bred to generate all study offspring. Genotyping was performed as previously described (8) . Offspring were weaned onto a low-fat (LF) diet (PicoLab #5053; LabDiet) at postnatal day 21. Wild-type offspring were studied to eliminate potential confounding effects of genetic factors related to postnatal insulin resistance previously reported in Glut4 +/2 mice (9, 10). Because male offspring of HF diet-fed mothers develop metabolic syndrome (3) , and because there are sexual dimorphisms in gene expression patterns (11) and DNA methylation (12) , the following studies used male offspring only.
DNA methylation microarray
We used a high-resolution microarray-based genome-wide hepatic DNA methylation approach (13, 14) designed to test almost a million sites throughout the mouse genome. Genomic DNA was digested with HpaII or MspI separately and ligated to different adapters. After polymerase chain reaction (PCR), the HpaII and MspI libraries were labeled with different fluorophores and cohybridized on a customized genomic microarray. Microarrays were preprocessed and subjected to quality control and quantile normalization of signal intensity as previously described (15) . Log ratios of signal intensities of HpaII and MspI were then compared between groups for all 801,224 HpaII fragments throughout the mouse genome. The criteria for identifying differentially methylated regions (DMRs) was a LIMMA P value , 0.001 (Bioconductor) and an absolute log(HpaII/MspI) difference .1.0. The DMRs were defined as belonging to a promoter (2500 bp to 5 kb from the transcription start site), gene body (the remaining region within a gene), or intergenic region.
Data are available through the Gene Expression Omnibus database (GSE77430).
Bisulphite MassARRAY validation
To validate HELP assay data, bisulphite MassARRAY (Sequenom, San Diego, CA) was performed using the company's standard protocol (16) . Matched peak data were exported using EpiTYPER software (Sequenom, San Diego, CA) and quality analyzed using tools that we developed (15) . Primers are listed in Supplemental Table 1 .
Gene expression microarray
Total RNA was extracted from liver from offspring of seven control and seven HF mice using TRIzol Reagent (Invitrogen, Carlsbad, CA). Double-stranded complementary DNA was generated (SuperScript Double-Stranded cDNA Synthesis Kit; Invitrogen) and pooled (control or HF), and then samples were hybridized onto Nimblegen Mouse Gene Expression Array (Array ID: 2006-10-26_MMUS5_60mer). Data were analyzed using DNASTAR Arraystar software (Roche Nimblegen, Madison, WI), and a stringency criterion of 1.5-fold was applied to identify significantly regulated candidates. Data are available through the Gene Expression Omnibus database (GSE77431).
Gene expression
First-strand complementary DNA was generated using SuperScript III (Invitrogen) according to the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) was carried out in triplicate using Roche 480 Real-Time PCR System with SYBR Green Master Mix (Roche Nimblegen). Primer sets were designed using the Universal Probe Library Assay Design Center. Results were normalized to expression of the housekeeping gene 36B4 and expressed as fold change compared with control. Primers are listed in Supplemental Table 1 .
Ingenuity Pathway Analysis
The list of identified RefSeq genes was uploaded to Ingenuity Pathway Analysis (IPA) (QIAGEN, Hilden, Germany) and mapped to corresponding gene objects (focus genes) in the Ingenuity Pathways Knowledge Base. Core networks were constructed for direct and indirect interactions using default parameters. Then ranking score for each network was computed by a right-tailed Fisher exact test as the negative log of the probability that the number of focus genes in the network was not caused by random chance.
Hotspot analysis
To identify hotspot regions significantly enriched with hypermethylated or hypomethylated sites, a 500-kb sliding window was applied to the mouse genome, and the numbers of significant DMRs (P , 0.05) were computed. The resulting numbers of DMRs were compared with the expected numbers derived for randomly selected genomic regions of the same size for statistical significance, whereas empirical P values were determined by repetitively selecting random regions 10,000 times (17) . Significant hotspots were defined as having P , 0.05. To clarify if these hotspots map to QTLs, the jaxQTL dataset, which shows approximate positions of QTLs based on reported peak LOD scores from Mouse Genome Informatics, was downloaded from Table Browser in the University of California Santa Cruz genome browser (http:// genome.ucsc.edu/cgi-bin/hgTables?command=start) and merged with the hotspot data based on their genomic locations.
Evaluation of intergenic regions
Mouse liver histone H3 lysine 4 monomethylation (H3K4me 1 ) sequencing results are provided in duplicate at mm9 genome assembly (GSM722760). We analyzed samples using MACS version 1.4.2 (Python Software Foundation, Wilmington, DE) (model-based analysis of ChIP-Seq) peak-calling algorithm against input (Gene Expression Omnibus database no. GSM722764) as previously detailed (18) . Genomic features, including 3 0 UTR, 5 0 UTR, exon, intergenic region, intron, noncoding, promoters, and transcription termination sites, were evaluated. Mouse liver DMRs were liftOvered to mm9 and analyzed further by normalizing these numbers to the probe number of each category in the array.
DNA methyltransferase activity
Total DNA methyltransferase (DNMT) activity was measured with 60 mg of liver as previously described by recording the rate of radioactive labeling on poly(dI-dC) DNA in the presence of [methyl-
Motif analysis
To evaluate the function of the DMR identified in Mmp9 and Camta1, motif analysis was performed using MOTIF Search (http://www.genome.jp/tools/motif/).
Statistical analysis
Data are expressed as mean 6 standard error of the mean (SEM). Student t test was used for statistical analysis of the differences between two groups for qRT-PCR, MassARRAY, and DNMT activity. Limma P value was used for HELP assay analysis.
Detailed study design and data analysis
Flowcharts with the study design and processing of data are presented in Fig. 1 .
Results
Genome-wide DNA hypermethylation in liver from offspring of HF diet-fed mother Hepatic DNA methylation profiles were generated from offspring of control or HF diet-fed mother at 5 weeks. Bisulphite MassARRAY validated the HELP assay results, whereby the methylation status and log (HpaII/MspI) were strongly inversely correlated (R 2 = 0.92) [ Fig. 2(a) ]. The striking epigenetic distance between groups is illustrated within a hierarchical clustering dendrogram [ Fig. 2 
Analysis of DMRs in gene-associated regions
Of the 3360 DMRs from HF, 1799 were located within either promoters or gene bodies of 1012 genes. IPA showed these genes are enriched for functions related to development and metabolism (Supplemental Table 2 ). Most genes containing DMRs are associated with metabolic and inflammatory diseases. The two most significantly enriched networks, based on P values, are cellular morphology, function, and maintenance, and DNA replication, recombination, and repair, respectively (Supplemental Fig. 1A and 1B) .
Differentially methylated genes are found in 116 diverse canonical pathways. However, three of the top pathways are functionally related: paxillin, integrin, and integrinlinked kinase (ILK) [ Fig. 2 (e)]. Also in the top 25 pathways are type 2 diabetes mellitus signaling, NRF2 oxidative stress response, and Wnt/b-catenin, as well as several specific to immune cells (i.e., interleukin-4 signaling) (Supplemental Table 3 ). Although the differentially methylated genes in HF are involved in all aspects of cellular and organismal growth and maintenance, many play critical roles in the cross-talking paxillin, integrin, and ILK pathways involved in extracellular matrix formation, cell growth, and differentiation.
Alterations in DNA methylation and expression of cell signaling and transcriptional regulatory genes
Gene expression studies on messenger RNA (mRNA) in liver from offspring of control and HF diet-fed mother were conducted to identify genes whose expression might be affected by altered DNA methylation. There were 4099 genes differentially expressed with~58% showing at least a 1.5-fold increase in HF. Despite being weaned onto LF diet for 2 weeks prior to sampling, the many differentially expressed genes in livers of HF offspring were linked to networks expressed in animals consuming an HF diet (i.e., hepatic dysfunction/disease and inflammation) (20, 21) (Table 1 ). Other networks were associated with hepatic cellular proliferation, development, and cell death, processes that have been shown to be linked to HF diet consumption (21) .
Next, we overlapped the DNA methylation and gene expression data to identify genes with dysregulation of both processes. Supplemental Fig. 2 shows the strong correlation between DNA methylation and gene expression. Of 1012 genes with DMRs within the promoter or gene body, 927 genes (3227 DMRs) showed no difference in transcription. This suggested that most DMRs identified did not correspond to transcriptional changes MassARRAY data for the same loci are plotted along the y-axis, from 0% (hypomethylation) to 100% (hypermethylation). (b) Global correlation using the entire dataset demonstrates the difference between control and HF. A tree-pair plot was generated using R package (The R Foundation for Statistical Computing) (15) . Pairwise correlations were calculated from 801,224 independent loci. R value indicates the Pearson correlation for at 5 weeks of age. However, 85 genes (133 DMRs) showed at least a 1.5-fold change in gene expression (Supplemental Table 4 ). These 85 genes were subjected to further IPA. The most strongly associated network is involved in cell signaling and small molecule biochemistry and lipid metabolism [ Fig. 2(f) ]. Many of the differentially methylated and differentially expressed genes in the top 10 networks were validated (Table 2) . Interestingly, the canonical pathway containing the highest number of differentially methylated and expressed genes is the ILK pathway (Supplemental Fig. 3A) . Upregulation of Itgb4, Mmp9, Sh2b2, and Tgfb1l1 was validated ( Table 2 ). The ILK pathway shares differentially methylated and expressed genes with the paxillin and integrin pathways (Supplemental Fig. 3B ). Other canonical signaling pathways with significant numbers of differentially methylated and expressed genes include the aryl hydrocarbon receptor (four genes), extracellular signalregulated kinase/mitogen-activated protein kinase (four genes), and sphingosine-1-phosphate (three genes).
We also found 103 transcription regulators to be differentially methylated, of which 13 show altered gene expression (Apbb1, Clip2, Elf3, Etv6, Hivep3, Jdp2, Mafk, Nfe2l3, Nifa, Sox9, Tbx1, Tcf7l1, and Tgfb1l1). Six transcription regulators had a greater than twofold increase in gene expression in the HF and are involved in diverse cellular processes ( Table 2) .
Role of differential methylation in intergenic regions
Active enhancers are part of a chromatin landscape marked by H3K4me 1 (22) . To evaluate the effect of DMRs in intergenic regions on potential cell-type specific active enhancers that may confer gene regulatory information, we overlapped the DMRs with known mouse liver H3K4me 1 histone marks (23 Fig. 4 ).
To further understand the 3360 DMRs, common regions were analyzed as described previously (18) . Genomic features were examined and DMRs were enriched primarily in intergenic and intron regions [ Fig. 3(a) ]. Further analysis showed that intron and 
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Interleukin 22 1.6 transcription termination site sequences were overrepresented in DMRs [ Fig. 3(b) ]. Sixteen of the 221 intergenic regions were located upstream of genes involved in cardiovascular disease (Adm, Atp1a1, Atp2a2, Chi3l1, Fgg, Fhl2, GDF15, Hopx, Ldlr, Mc2r, Mtpn, Ppp2ca, Smad7, Terc, Vegfa, and Wdr5). Although the role of methylation of intergenic regions is uncertain, a recent study showed that inactivation of intergenic enhancers triggered rapid transcriptional shutdown of distal genes (24) . Finally, the qRT-PCR or microarray gene expression data were evaluated to identify genes containing any of the 764 DMRs. There were 67 genes with substantially different mRNA expression in differentially methylated active enhancer regions revealed (Supplemental Table 5 ). Of these 67 genes, 34 were upregulated. Of these, 11 genes are involved in lipid metabolism (Adm, Bag3, Cyp1a1, Cyp1a2, Dnm2, Il4r, Lect1, Prkag, Scd1, Sphk1, and Xpa).
Increased DNMT mRNA and enzymatic activity in HF fetal liver
To gain insight into the mechanism of hypermethylation induced by exposure to a maternal HF diet, hepatic DNMT mRNA and enzymatic activity were measured in embrionic day 18.5 (e18.5) and 5-week livers. Dnmt1 and Dnmt3b mRNAs were increased in HF e18.5 liver [Fig. 4(a) ], and likewise, fetal DNMT enzymatic activity was also significantly higher [ Fig. 4(b) ]. Conversely, no differences in Dnmt mRNA [ Fig. 4(a) ] or enzymatic activity [ Fig. 4(b) ] were measured in 5-week livers. These results indicate that most hepatic DNA hypermethylation brought about by exposure to a maternal HF diet occurs during fetal development. Expression of candidate DNA demethylases were not significantly different between groups (Supplemental Table 6 ) (25) .
Chromosomal distribution of DMRs
The chromosomal distribution of the 3360 DMRs was plotted ( Supplemental Fig. 5) . Most of the 2553 HF hypermethylated DMRs were located on Chrs 4, 5, 6, 7, 10, 11, 17, and 18. Conversely, most of the 807 HF hypomethylated DMRs were located on Chrs 1, 2, 3, 7, 11, and 17. Because mouse QTLs often predict homologous QTLs in humans (26), we examined the distribution of DMRs that colocalized with QTLs of different traits and found that on Chr 4, 50% of the hypermethylated DMRs mapped to the atherosclerosis QTL, whereas on Chr 18, 80% mapped to the insulin-dependent diabetes susceptibility QTL 21 [ Fig. 5(a) ], suggesting hypermethylation of DMRs in these QTLs is involved in development of metabolic syndrome in offspring exposed to a maternal HF diet (3).
Identification of DNA methylation hotspots
We identified chromosomal hotspots with highly correlated differentially methylated sites using a computational method (17) . In comparison with the genome-wide background, Chrs 18, 4, 14, and 17 contain the highest ranked hypermethylated hotspots (Supplemental Table 7) , whereas Chrs 2, 14, 11, and 1 contain the highest-ranked hypomethylated hotspots (Supplemental Table 8 ). Additionally, the top 30 ranked areas from both hypermethylated and hypomethylated hotspots were analyzed for QTLs (Supplemental Table 9 ). Most hotspots contain QTLs related to the metabolic phenotype of maternal HF diet2exposed offspring (i.e., weight, blood glucose, insulin-dependent diabetes, and atherosclerosis) (3). Using the most robust P values at DMRs coinciding with QTLs relevant to metabolic syndrome, we selected genes in hypermethylated hotspots on Chr 4 (atherosclerosis susceptibility QTL 1) and Chr 18 (insulin-dependent diabetes susceptibility 21a), and hypomethylated hotspots on Chr 1 (bone mineral density 5, alcohol preference QTL 1, weight 1, bone mineral density 1a) and Chr 11 (weight 6 weeks QTL 3, late-growth QTL 1, late-growth adjusted QTL 1) for expression analysis using 5-week liver (Supplemental Table 10 ). In the hypermethylated hotspot on Chr 4, the expression of four genes, Arhgef19, Epha2, Zbtb17/Miz-1, and Camta1, was significantly downregulated in HF diet groups. In contrast, three genes, Ccdc11, Acaa2, and Txnl4a, within the hypermethylated hotspot on Chr 18 were upregulated. There were no significant differences in gene expression in Chr 1 QTLs. However, Dstn and Banf2 were upregulated in a hypomethylated hotspot on Chr 2 (associated with type 2 diabetes mellitus 2 in SMXA RI mice and blood glucose level 1), and Gabrp was upregulated and Snrnp25 was downregulated in a hypomethylated hotspot on Chr 11 (Supplemental Table 9 ). Snrnp25 expression is regulated by Trafs 2 and 3, indicating a role in inflammatory metabolic disorders (27) .
To assess whether differentially methylated and expressed genes within hotspot QTLs on Chrs 2, 4, 11, and 18 maintain differential expression over time, expression of these genes was measured in 26-week liver [ Fig. 5(b) ]. Four hypomethylated genes, Dstn, Banf2, Snrnp25, and Gabrp, showed no difference between groups. However, Arhgef19, Epha2, Zbtb17/Miz-1, and Camta1 were significantly downregulated in the HF group in 26-week [ Fig. 5(b) ] and 5-week liver [ Fig. 5(c) ]. The hypermethylation status of promoter regions of Arhgef19 and Zbtb17/Miz-1 was validated in 5-week liver (Supplemental Figs. 6 and 7 ). Hypermethylation along with significant downregulation of these genes was . These results show that altered methylation and expression of these two genes persisted from fetal stage to adulthood. Although Epha2 and Camta1 were not differentially expressed in fetal liver, both mRNAs were downregulated in 26-week liver from offspring of HF [ Fig. 5(b) ]. Hypermethylation was consistently measured in Camta1, transcriptional activator, from e18.5 to adulthood (Supplemental Fig. 8 , see third CpG). However, the Arhgef19 and Epha2 genes did not show hypermethylation at 26 weeks. These data suggest downregulation of Arhgef19 and Epha2 may be caused by postnatal modifications of DNA other than the changes in DNA methylation.
Gene expression in 26-week liver was also determined for three genes in the QTLs hotspot on Chr 18. Ccdc11 and Txnl4a expression was upregulated in 5-and 26-week liver [ Fig. 5(b) and 5(c) ]. However, there was no difference in expression of Acaa2 at 26 weeks [ Fig. 5(b) ]. In summary, we identified six differentially methylated genes in liver from offspring of HF diet-fed mother within the hotspot QTLs associated with metabolic disease that displayed persistent gene dysregulation into adulthood.
The altered methylation and expression of the QTL genes previously noted could play a role in development of metabolic syndrome in HF offspring.
Persistent MMP9 hypermethylation throughout life
We identified a reliable epigenetic signature in Mmp9, a stable epigenetic obesity biomarker in a human cohort (28) . Specifically, exposure to a maternal HF diet was associated with hypermethylation in the gene body of Mmp9 and increased Mmp9 mRNA in 5-week liver from offspring of HF [ Fig. 6(a-c) ]. The change in Mmp9 methylation status was assessed in e18.5, 17 days, and 26-week liver [ Fig. 6(d-f) ]. The fifth CpG site was consistently hypermethylated in the HF group from e18.5 to 26 weeks. Although motif analysis showed this CpG is located in a recognition site for several transcription factors, its biological function is unknown. Intriguingly, the fifth CpG is located in/close to a DNaseI hypersensitivity site identified in e14.5 liver (ENCODE/University of Washington tracks).
Discussion
This is a report of genome-wide alterations in hepatic DNA methylation and gene expression of offspring exposed to a maternal HF diet that develop metabolic syndrome in early postnatal life (3). DMRs are found predominantly in non-CpG island DNA of gene bodies and intergenic regions (29) . DNA methylation can regulate gene expression (6) , and gene body methylation has been shown to be positively correlated with gene expression status (30) ; however, its function has not yet been clarified. Maunakea et al. (31) reported that gene body DNA methylation may increase transcriptional activity by blocking the initiation of intragenic promoters. A recent study using mouse embryonic stem cells showed DNMT3B-dependent DNA methylation in the gene body is responsible for the prevention of aberrant transcription initiation events necessary to guarantee the fidelity of mRNA transcription initiation (32) . This result suggests DNA methylation in the gene body might induce the gene activation; however, further studies are required to confirm this prediction.
The ENCODE project revealed that intergenic regions are also involved in transcriptional regulation (29, 33) . In agreement with these studies, our results show altered gene body methylation correlated with dysregulation of gene expression. Recently, advanced technology has shown three-dimensional genome architecture is involved in regulating gene expression during development, in physiologic processes, and in disease (34) . Our study focused on the relationship between DNA methylation and gene expression; however, future studies should take into consideration the three-dimensional architecture of the genome.
Many genes exhibiting differential methylation also showed altered gene expression. These genes were found in canonical pathways involved in every aspect of cellular differentiation and function. A concentration of genes with both altered methylation and gene expression was found in the paxillin, integrin, and ILK pathways that are involved in cellular differentiation and extracellular matrix maintenance (35) (36) (37) . Mmp9, found in the ILK pathway, is a gene that shows upregulation in obesity (38) . Here, exposure to a maternal HF diet resulted in hypermethylation in the gene body of Mmp9 and a significant increase in gene expression in 5-and 26-weeek HF liver. The Mmp9 gene body is stably hypermethylated in peripheral blood lymphocytes of adults with increased body mass index (28) . Considering this fact, the persistent hypermethylation of the Mmp9 gene body in the liver of our model suggests this epigenetic biomarker may play a role in development of metabolic syndrome.
Thirteen transcription regulators with DMRs also displayed dysregulated gene expression. The altered expression was validated for six transcription regulators that control gene expression in the complex processes of development, differentiation, and proliferation in the liver. The significant overexpression of these transcription factors involved in hepatocyte proliferation and differentiation could lead to a functionally compromised liver contributing to the development of metabolic syndrome. Overexpression of these transcription regulators is involved in cellular functions that lead to the disease in the liver.
The question arises whether similar epigenetic or transcriptional changes occur in maternal livers in response to HF diet. We previously reported that consumption of HF diet during pregnancy altered the maternal metabolic milieu and significant upregulation of expression of genes associated with hepatic lipogenesis (3) . In this study, offspring exposed to a maternal HF milieu displayed either downregulation or no change in expression of genes of lipogenesis in HF fetal liver. These divergent transcriptional results may reflect differences in the hepatic response to direct consumption of HF diet, as seen in the adult mothers, compared with in utero exposure to HF proinflammatory developmental milieu, as seen in the fetal offspring.
This study also defines the effect of exposure to a maternal HF diet on DNA methylation in QTLs associated with metabolic disease, particularly on Chrs 4 and 18. Studies have reported exposure to a maternal HF diet alters methylation patterns in one or more genes involved in a specific aspect of metabolism (6, 39) . However, ours shows that exposure to a maternal HF diet changes the methylation patterns of specific genomic regions involved in development of metabolic syndrome. The altered expression of all hypermethylated genes in Chrs 4 and 18 QTLs suggests these genes may be involved in development of metabolic syndrome after exposure to a maternal HF diet. One of the differentially methylated and regulated genes in the hotspots, Arhgef19, plays an important role in regulating adipocyte differentiation (40) . Horii et al. (40) reported that Arhgef19 mRNA is downregulated in white adipose tissue of HF dietinduced obese mice. Zbtb17/Miz-1, another hotspot gene, is a transcription factor that acts as an activator or repressor depending on its binding partners, Myc, Smad, Dnmt3a, and Dnmt3b (41). The Zbtb17/Myc complex also recruits Dnmt3a and histone deacetylases to promoters, thereby silencing gene expression (42) . Zbtb17/ Myc can also affect the transforming growth factor-b and Myc signaling networks that contribute to glucose homeostasis (43) . We showed that Arhgef19 and Zbtb17/ Miz-1 expression was decreased in e18.5 and 26-week liver. Our results show that exposure to a maternal HF diet also resulted in hypermethylation in promoter regions and downregulation of expression of genes that could contribute to the metabolic abnormalities seen in this model (3) (4) (5) .
Camta1 showed the hypermethylated status from e18.5 through to adulthood (Supplemental Fig. 8 , see third CpG). Motif analysis showed the third CpG is in a recognition site for transcription factors, including Pax6, suggesting hypermethylation may be involved in modulation of gene expression during development.
Why specific areas of chromatin, such as the QTLs hotspots on Chrs 4 and 18, are more affected than others is a fundamental question requiring further research. Other basic questions are (1) does the maternal environment alter DNA methylation, and (2) at what time during fetal and postnatal development do these changes occur (44)? Our results show the hypermethylation of Mmp9, Zbtb17, and Camta1 is present in the fetus and persists to 26 weeks. The results suggest in utero exposure to a maternal HF diet induced DNA methylation.
One mechanism by which the HF offspring DNA is hypermethylated could be the modified activity of DNMTs or demethylases (45) . Members of this enzymatic family include DNMT3A and DNMT3B, which stimulate de novo methylation, and DNMT1, which actively maintains methylation (46) . Despite extensive efforts, the factors responsible for paternal DNA demethylation remain elusive. Several enzymes with possible DNA demethylase activity have been identified (25, 45, 47) . Our results show that DNMT enzymatic activity at e18.5 is increased almost twofold in HF, whereas activity at 5 weeks is similar to control. Furthermore, there is no increase in expression of these potential demethylases at 5 weeks. The increase in fetal activity of the DNMT appears to be in part responsible for the significant genome-wide hepatic DNA hypermethylation seen in HF offspring.
Using our outbred murine model of maternal overnutrition, we demonstrated that exposure to a maternal HF diet results in global hepatic DNA hypermethylation in male offspring. The significant methylation changes persist throughout life, particularly in three genes important in growth and metabolism, Arhgef19, Zbtb17/ Miz-1, and Mmp9. Moreover, it was discovered that a surprisingly high percentage of hypermethylated DMRs occurred in an atherosclerosis QTL on Chr 4 and insulin-dependent diabetes susceptibility QTL on Chr 18. As we described in the Materials and Methods section, because of sexual dimorphism in gene expression patterns (11) and DNA methylation (12) , this study focused on male mice. Future studies will assess whether the specific DNA methylation changes found in male offspring are also present in female offspring exposed to a maternal HF diet.
A limitation of this study is that data were derived from liver homogenates that are composed of different cell types. Epigenetic differences have been seen within the same tissue (48) . Furthermore, a significant number of DMRs were in genes specific for immune cells, reflecting the inflammation present in HF, despite offspring being weaned to a LF diet. Additionally, in this study we used liver histone modification maps from mice on a control LF diet. The possibility exists that HF diet alone alters the liver histone modification map; therefore, the overlap of DMRs with gene regulatory regions may be affected by developmental dietary exposures. Presently, we are unaware of publications documenting the effect of HF diet exposure in utero on the hepatic chromatin landscape. Future studies will include characterization of DNA methylation in different hepatic cell types. Nevertheless, our results support the hypothesis that the developmental environment created by maternal HF consumption induces stable global hepatic epigenetic changes that affect gene expression and increase the risk of developing metabolic disease as previously described using this mouse model (3) (4) (5) .
